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We study the P -wave charmed baryons using the method of QCD sum rule in the framework of
heavy quark effective theory (HQET). We consider systematically all possible baryon currents with
a derivative for internal ρ- and λ-mode excitations. We have found a good working window for the
currents corresponding to the ρ-mode excitations for Λc(2595), Λc(2625), Ξc(2790), and Ξc(2815)
that complete two SU(3) 3¯F multiplets of J
P = 1/2− and 3/2−, while the currents corresponding
to the λ-mode excitations seem also consistent with the data. Our results also suggest that there are
two Σc(2800) states of J
P = 1/2− and 3/2− whose mass splitting is 14± 7 MeV, and two Ξc(2980)
states whose mass splitting is 12 ± 7 MeV. They have two Ωc partners of J
P = 1/2− and 3/2−,
whose masses are around 3.25 ± 0.20 GeV with mass splitting 10 ± 6 MeV. All of them together
complete two SU(3) 6F multiplets of J
P = 1/2− and 3/2−. They may also have JP = 5/2−
partners. Ξc(3080) may be one of them, and the other two are Σc(5/2
−) and Ωc(5/2
−), whose
masses are 85± 23 MeV and 50± 27 MeV larger.
PACS numbers: 14.20.Lq, 12.38.Lg, 12.39.Hg
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I. INTRODUCTION
In the past years important progress has been made in the field of heavy baryons. All the ground state charmed
baryons containing a single charm quark have been well established both experimentally and theoretically [1]. The
lowest-lying orbitally excited charmed states Λc(2595) (J
P = 1/2−), Λc(2625) (J
P = 3/2−), Ξc(2790) (J
P = 1/2−)
and Ξc(2815) (J
P = 3/2−) have been well observed by several collaborations and complete two SU(4) 4¯ multiplets [1–
5]. Besides them, several P -wave charm baryon candidates Σc(2800) (J
P =??), Ξc(2980) (J
P =??) and Ξc(3080)
(JP =??) are also well observed by the Belle and BaBar collaborations [6–9], and more data are expected in the near
future.
These heavy baryons are also interesting in a theoretical point of view [10–12]. The light degrees of freedom (quarks
and gluons) circle around the nearly static heavy quark, and the whole system behaves as the QCD analogue of the
familiar hydrogen bounded by electromagnetic interaction. In the past two decades, various phenomenological models
have been used to study heavy baryons, including the relativized potential quark model [13], the Feynman-Hellmann
theorem [14], the combined expansion in 1/mQ and 1/Nc [15], the relativistic quark model [16], the chiral quark
model [17], the hyperfine interaction [18, 19], the pion induced reactions [20], the variational approach [21], the
Faddeev approach [22], the constituent quark model [23], the unitarized dynamical model [24], the extended local
hidden gauge approach [25], the unitarized chiral perturbation theory [26], etc. There are also many Lattice QCD
studies [27, 28]; see a recent reference for more details [29].
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2In this paper we shall study the P -wave charmed baryons using the method of QCD sum rule [30, 31] in the
framework of the heavy quark effective theory (HQET) [32–34]. This method has been successful for studying heavy
mesons containing a single heavy quark, as done in Refs. [35–45]. Recently, we applied it to study D-wave c¯s heavy
mesons in Ref. [46]. This method has also been successful for studying heavy baryons containing a single heavy quark,
as done in Refs. [47–56]. Particularly, we have applied this method to systematically study the ground state bottom
baryons in Ref. [57], and we found that the extracted chromomagnetic splitting between the bottom baryon heavy
doublet agrees well with the experimental data. We note that some studies using the method of QCD sum rules not
in HQET but in full QCD can be found in Refs. [58–61]. In this paper we shall follow the procedures used in these
references, and systematically study the P -wave charmed baryons. We shall also consider the O(1/mQ) corrections
and extract the chromomagnetic splitting, with mQ being the heavy quark mass.
This paper is organized as follows. In Sec. II, we systematically construct the interpolating currents for the P -wave
charmed baryons. Then in Sec. III we use one of them as an example to perform the QCD sum rule analysis at the
leading order, and in Sec. IV we still use it as an example to perform the QCD sum rule analysis by taking into
account the O(1/mQ) corrections. In Sec. V we summarize and discuss our results.
II. INTERPOLATING FIELDS FOR THE P -WAVE CHARMED BARYON
The P -wave charmed baryons have been systemically classified in Ref. [62], where the strong decays of heavy
baryons were investigated systematically using the 3P0 model. In this paper we classify the P -wave charmed baryon
interpolating fields using the same notations, i.e., lρ denotes the orbital angular momentum between the two light
quarks and lλ denotes the orbital angular momentum between the charm quark and the two-light-quark system. To
describe these structures using interpolating fields, we can use either local fields or those containing derivatives [53–
56]. In this paper we use the latter ones, because they can describe the inner structures of charmed baryons in a more
clear way.
Generally, the interpolating field for charmed baryons can be written as a combination of a diquark field and a
heavy quark field
J(x) ∼ ǫabc
(
qaT (x)CΓ1q
b(x)
)
Γ2h
c
v(x) . (1)
We note that the derivatives are not explicitly shown in this equation. a, b and c are color indices, and ǫabc is the
totally antisymmetric tensor; the superscript T represents the transpose of the Dirac indices only; C is the charge-
conjugation operator. q(x) is the light quark field at location x, and it can be either u(x) or d(x) or s(x). hv(x) is
the heavy quark field, and we have used the Fierz transformation to move it to the rightmost place.
0
c
6
0
c
+
c
+
c
3
++
c
0
c
0
c
+
c
+
c
F F
FIG. 1: The SU(3) flavor multiplets of charmed baryons.
There are two “good” S-wave diquark fields. One is
ǫabcq
aT (x)Cγ5q
b(x) , [1S0] , (2)
which has quantum numbers jPll = 0
+. It has orbital angular momentum lρ = 0, so its orbital degree of freedom is
symmetric (S); it has spin angular momentum sl = 0, so its spin degree of freedom is antisymmetric (A); it has the
antisymmetric color structure 3¯C (A). Therefore, it should have the antisymmetric flavor structure 3¯F (A) due to
the Pauli principle, although this is not shown explicitly (see the right panel of Fig. 1). The other S-wave diquark
field is
ǫabcq
aT (x)Cγµq
b(x) , [3S1] , (3)
3which has quantum numbers jPll = 1
+, lρ = 0 (S), sl = 1 (S), color 3¯C (A) and flavor 6F (S) (see the left panel of
Fig. 1).
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FIG. 2: The notations for P -wave charmed baryons. 6F (S) and 3¯F (A) denote the SU(3) flavor representations. 3¯C (A)
denotes the SU(3) color representation. sl is the spin angular momentum of the two light quarks, and jl = lλ ⊗ lρ ⊗ sl is the
total angular momentum of the two light quarks.
The P -wave diquark fields can be obtained by adding a derivative to these S-wave diquark fields, either between
the two light quarks [lρ = 1 (A) and lλ = 0], or between the charm quark and the two-light-quark system [lρ = 0 (S)
and lλ = 1]:
ǫabc
(
[DνqaT (x)]Cγ5q
b(x) − qaT (x)Cγ5[D
νqb(x)]
)
, [3P0] , lρ = 1 (A) , lλ = 0 , (4)
ǫabc
(
[DνqaT (x)]Cγµq
b(x)− qaT (x)Cγµ[D
νqb(x)]
)
, [1P1]/[
3P0]/[
5P1] , lρ = 1 (A) , lλ = 0 , (5)
ǫabc
(
[DνqaT (x)]Cγ5q
b(x) + qaT (x)Cγ5[D
νqb(x)]
)
, [1S0] , lρ = 0 (S) , lλ = 1 , (6)
ǫabc
(
[DνqaT (x)]Cγµq
b(x) + qaT (x)Cγµ[D
νqb(x)]
)
, [3S1] , lρ = 0 (S) , lλ = 1 , (7)
where Dµ = ∂µ − igAµ is the gauge-covariant derivative. They can be further used to construct the P -wave charmed
baryon fields J
α1···αj−1/2
j,P,F,jl,sl,ρ/λ
, where j, P , and F denote the total angular momentum, parity and SU(3) flavor represen-
tation (3¯F or 6F ) of the charmed baryons; jl and sl denote the total angular momentum and spin angular momentum
of the light components; ρ denotes lρ = 1 and lλ = 0, while λ denotes lρ = 0 and lλ = 1. We have the relations
jl = lλ⊗ lρ⊗ sl and j = jl⊗ sQ, where sQ = 1/2 is the spin of the heavy quark. The results are summarized in Fig. 2,
while their explicit forms are the following:
(1) lρ = 1 (A) and lλ = 0:
(1-a) sl = 0 (A). We denote this case as [6F , 1, 0, ρ]. Now the diquark has quantum numbers jl = lλ⊗ lρ⊗ sl = 1,
color representation 3¯C (A), and flavor representation 6F (S). The total angular momentum of the charm
baryon is j = jl ⊗ sQ = 1/2⊕ 3/2, so we obtain a doublet (j
P = 1/2−, 3/2−):
J1/2,−,6F ,1,0,ρ = iǫabc
(
[Dµt q
aT ]Cγ5q
b − qaTCγ5[D
µ
t q
b]
)
γµt γ5h
c
v , (8)
Jα3/2,−,6F ,1,0,ρ = iǫabc
(
[Dµt q
aT ]Cγ5q
b − qaTCγ5[D
µ
t q
b]
)(
gαµt −
1
3
γαt γ
µ
t
)
hcv , (9)
where γµt = γ
µ − v/vµ, Dµt = D
µ − (D · v)vµ, hv is the heavy quark field in HQET, v is the velocity of the
heavy quark, and gα1α2t = g
α1α2 − vα1vα2 is the transverse metric tensor.
(1-b) sl = 1 (S) and jl = 0. We denote this case as [3¯F , 0, 1, ρ]. Now the diquark has color 3¯C (A) and flavor 3¯F
(A), and we obtain a baryon singlet (1/2−):
J1/2,−,3¯F ,0,1,ρ = iǫabc
(
[Dµt q
aT ]Cγµt q
b − qaTCγµt [D
µ
t q
b]
)
hcv . (10)
4(1-c) sl = 1 (S) and jl = 1. We denote this case as [3¯F , 1, 1, ρ]. Now the diquark has color 3¯C (A), and flavor 3¯F
(A), and we obtain a baryon doublet (1/2−, 3/2−):
J1/2,−,3¯F ,1,1,ρ = iǫabc
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
)
σµνt h
c
v , (11)
Jα3/2,−,3¯F ,1,1,ρ = iǫabc
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
)
(12)
×
(
gαµt γ
ν
t γ5 − g
αν
t γ
µ
t γ5 −
1
3
γαt γ
µ
t γ
ν
t γ5 +
1
3
γαt γ
ν
t γ
µ
t γ5
)
hcv .
(1-d) sl = 1 (S) and jl = 2. We denote this case as [3¯F , 2, 1, ρ]. Now the diquark has color 3¯C (A) and flavor 3¯F
(A), and we obtain a baryon doublet (3/2−, 5/2−):
Jα3/2,−,3¯F ,2,1,ρ = iǫabc
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
)
×
(
gαµt γ
ν
t γ5 + g
αν
t γ
µ
t γ5 −
2
3
gµνt γ
α
t γ5
)
hcv , (13)
Jα1α2
5/2,−,3¯F ,2,1,ρ
= iǫabc
(
[Dα1t q
aT ]Cγα2t q
b − qaTCγα2t [D
α1
t q
b] + [Dα2t q
aT ]Cγα1t q
b − qaTCγα1t [D
α2
t q
b] (14)
−
2
3
gα1α2t g
µν
t ×
(
[Dµt q
aT ]Cγνt q
b − qaTCγνt [D
µ
t q
b]
))
hcv .
(2) lρ = 0 (S) and lλ = 1:
(2-a) sl = 0 (A). We denote this case as [3¯F , 1, 0, λ]. Now the diquark has quantum numbers jl = 1, color 3¯C
(A) and flavor 3¯F (A), and we obtain a baryon doublet (1/2
−, 3/2−):
J1/2,−,3¯F ,1,0,λ = iǫabc
(
[Dµt q
aT ]Cγ5q
b + qaTCγ5[D
µ
t q
b]
)
γµt γ5h
c
v , (15)
Jα3/2,−,3¯F ,1,0,λ = iǫabc
(
[Dµt q
aT ]Cγ5q
b + qaTCγ5[D
µ
t q
b]
)(
gαµt −
1
3
γαt γ
µ
t
)
hcv . (16)
(2-b) sl = 1 (S) and jl = 0. We denote this case as [6F , 0, 1, λ]. Now the diquark has color 3¯C (A) and flavor 6F
(S), and we obtain a baryon singlet (1/2−):
J1/2,−,6F ,0,1,λ = iǫabc
(
[Dµt q
aT ]Cγµt q
b + qaTCγµt [D
µ
t q
b]
)
hcv . (17)
(2-c) sl = 1 (S) and jl = 1. We denote this case as [6F , 1, 1, λ]. Now the diquark has color 3¯C (A) and flavor 6F
(S), and we obtain a baryon doublet (1/2−, 3/2−):
J1/2,−,6F ,1,1,λ = iǫabc
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
)
σµνt h
c
v , (18)
Jα3/2,−,6F ,1,1,λ = iǫabc
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
)
(19)
×
(
gαµt γ
ν
t γ5 − g
αν
t γ
µ
t γ5 −
1
3
γαt γ
µ
t γ
ν
t γ5 +
1
3
γαt γ
ν
t γ
µ
t γ5
)
hcv .
(2-d) sl = 1 (S) and jl = 2. We denote this case as [6F , 2, 1, λ]. Now the diquark has color 3¯C (A) and flavor 6F
(S), and we obtain a baryon doublet (3/2−, 5/2−):
Jα3/2,−,6F ,2,1,λ = iǫabc
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
)
×
(
gαµt γ
ν
t γ5 + g
αν
t γ
µ
t γ5 −
2
3
gµνt γ
α
t γ5
)
hcv , (20)
Jα1α25/2,−,6F ,2,1,λ = iǫabc
(
[Dα1t q
aT ]Cγα2t q
b + qaTCγα2t [D
α1
t q
b] + [Dα2t q
aT ]Cγα1t q
b + qaTCγα1t [D
α2
t q
b] (21)
−
2
3
gα1α2t g
µν
t ×
(
[Dµt q
aT ]Cγνt q
b + qaTCγνt [D
µ
t q
b]
))
hcv .
We note that all these interpolating fields have been projected to have either j = 1/2 or j = 3/2, except Jα1α2
5/2,−,3¯F ,2,1,ρ
and Jα1α25/2,−,6F ,2,1,λ, which contain both j = 3/2 and j = 5/2 components.
Identical sum rules can be obtained using either J1/2,−,6F ,1,0,ρ or J
α
3/2,−,6F ,1,0,ρ
in the same doublet, both at
the leading order and at the O(1/mQ) order [41–43, 45]. We note that actually there are small and negligible
differences. So do other currents in the same doublet. Accordingly, we do not need to use all of them to perform QCD
5sum rule analyses. In this paper we use J1/2,−,6F ,1,0,ρ, J1/2,−,3¯F ,0,1,ρ, J1/2,−,3¯F ,1,1,ρ, J
α
3/2,−,3¯F ,2,1,ρ
, J1/2,−,3¯F ,1,0,λ,
J1/2,−,6F ,0,1,λ, J1/2,−,6F ,1,1,λ and J
α
3/2,−,6F ,2,1,λ
to perform QCD sum rule analyses and study the baryon multiplets
[6F , 1, 0, ρ], [3¯F , 0, 1, ρ], [3¯F , 1, 1, ρ], [3¯F , 2, 1, ρ], [3¯F , 1, 0, λ], [6F , 0, 1, λ], [6F , 1, 1, λ] and [6F , 2, 1, λ], respectively.
Before performing sum rule analyses, we need to explicitly write out the quark contents contained in these currents.
This can be easily done according to Fig. 1. We use similar symbols to denote them based on previous symbols
J
α1···αj−1/2
j,P,F,jl,sl,ρ/λ
(x) and [F, jl, sl, ρ/λ], just with 6F replaced by Σc, Ξ
′
c, and Ωc, and 3¯F replaced by Λc and Ξc. For
example, J1/2,−,Ξc,1,1,ρ is used to denote J1/2,−,3¯F ,1,1,ρ with quark contents usc (or dsc):
J1/2,−,Ξc,1,1,ρ = iǫabc
(
[Dµt u
aT ]Cγνt s
b − uaTCγνt [D
µ
t s
b]
)
σµνt h
c
v . (22)
In the following sections we use this current as an example to perform the QCD sum rule analysis and study the
baryon doublet [Ξc, 1, 1, ρ] containing Ξc(1/2
−) and Ξc(3/2
−).
III. THE SUM RULES AT THE LEADING ORDER (IN THE mQ →∞ LIMIT)
In the previous section we have classified the P -wave charmed baryon interpolating fields, and in this and the next
sections we use them to perform QCD sum rule analyses. When classifying these fields, we have taken into account
their inner structures by fixing their inner quantum numbers jl, sl, lρ, and lλ. However, the physical state may be
a mixed state containing components of different inner quantum numbers. If this is the case, different currents can
well couple to the same physical states. For example, the observed Σc(2800) state (J
P = 1/2−) may contain both a
ρ component (lρ = 1 and lλ = 0) and λ component (lρ = 0 and lλ = 1), and then the two currents J1/2,−,Σc,1,0,ρ and
J1/2,−,Σc,1,0,λ may both well couple to it.
We keep this in mind, but at the beginning we can always assume different currents couple to different states. We
use |j, P, F, jl, sl, ρ/λ〉 to denote the heavy baryon state with the quantum numbers j, P , F and the inner quantum
numbers jl, sl, and ρ/λ in the mQ → ∞ limit, and assume that the relation between this state and the relevant
interpolating field is
〈0|J1/2,P,F,jl,sl,ρ/λ(x)|1/2, P, F, jl, sl, ρ/λ〉 = f1/2,P,F,jl,sl,ρ/λu(x) , (23)
〈0|Jα3/2,P,F,jl,sl,ρ/λ(x)|3/2, P, F, jl, sl, ρ/λ〉 = f3/2,P,F,jl,sl,ρ/λu
α(x) . (24)
In these equations fj,P,F,jl,sl,ρ/λ is used to denote the decay constant, which has the same value for the two states in
the same doublet in the mQ → ∞ limit. u(x) and u
α(x) are the Dirac and Rarita-Schwinger spinors, respectively.
These currents can be used to construct the two-point correlation function
Π
α1···αj−1/2,β1···βj−1/2
j,P,F,jl,sl,ρ/λ
(ω) = i
∫
d4xeikx〈0|T [J
α1···αj−1/2
j,P,F,jl,sl,ρ/λ
(x)J¯
β1···βj−1/2
j,P,F,jl,sl,ρ/λ
(0)]|0〉
= S[gα1β1t · · · g
αj−1/2βj−1/2
t ]Πj,P,F,jl,sl,ρ/λ(ω) . (25)
In this equation ω is used to denote twice the external off-shell energy, ω = 2v · k, and S[· · ·] is used to denote
symmetrization and subtracting the trace terms in the sets (α1 · · ·αj−1/2) and (β1 · · ·βj−1/2). We can write Eq. (25)
at the hadron level as
Πj,P,F,jl,sl,ρ/λ(ω) =
f2j,P,F,jl,sl,ρ/λ
2Λj,P,F,jl,sl,ρ/λ − ω
+ higher states . (26)
In this equation Λj,P,F,jl,sl,ρ/λ is defined to be
Λj,P,F,jl,sl,ρ/λ ≡ limmQ→∞
(mj,P,F,jl,sl,ρ/λ −mQ) , (27)
where mj,P,F,jl,sl,ρ/λ is used to denote the mass of the lowest-lying heavy baryon state to which J
α1···αj−1/2
j,P,F,jl,sl,ρ/λ
(x)
couples.
We can also use the method of QCD sum rule [41–43, 45] to calculate Eq. (25) at the quark and gluon level. Here
we use J1/2,−,Ξc,1,1,ρ as an example. We first insert Eq. (22) into Eq. (25), then perform the Borel transformation,
and finally obtain
Π1/2,−,Ξc,1,1,ρ(ωc, T ) = f
2
Ξc,1,1,ρe
−2ΛΞc,1,1,ρ/T (28)
6=
∫ ωc
2ms
[
3
4480π4
ω7 −
3m2s
128π4
ω5]e−ω/Tdω −
3ms〈q¯q〉
4π2
T 4 +
3ms〈s¯s〉
2π2
T 4 −
〈g2sGG〉
64π4
T 4 +
3m2s〈g
2
sGG〉
256π4
T 2
+
〈gsq¯σGq〉〈s¯s〉
4
+
〈gss¯σGs〉〈q¯q〉
4
−
ms〈s¯s〉〈g
2
sGG〉
128π2
−
〈gsq¯σGq〉〈gss¯σGs〉
8
1
T 2
.
We note that in the calculations the software Mathematica with a package called FeynCalc is used [63]. Sum rules for
other currents with different quark contents are shown in Appendix. A. In these equations the radiative corrections
as well as the difference between up and down quarks are not taken into account in order to simplify our calculations.
We also note that we put the condensates out of the integration to be consistent with Ref. [41–43, 45]. We can also
put them inside the integration, but the obtained results are just slightly different from the current results. The
condensates and other parameters contained in these sum rules take the following values [1, 41–43, 45, 64–71]:
〈q¯q〉 = 〈u¯u〉 = 〈d¯d〉 = −(0.24 GeV)3 ,
〈s¯s〉 = (0.8± 0.1)× 〈q¯q〉 ,
〈g2sGG〉 = (0.48± 0.14) GeV
4 ,
ms = 0.15 GeV , (29)
〈gsq¯σGq〉 =M
2
0 × 〈q¯q〉 ,
〈gss¯σGs〉 =M
2
0 × 〈s¯s〉 ,
M20 = 0.8 GeV
2 .
Finally, we differentiate Log[Eq. (28)] with respect to [−2/T ] to obtain Λj,P,F,jl,sl,ρ/λ,
Λj,P,F,jl,sl,ρ/λ(ωc, T ) =
∂
∂(−2/T )Πj,P,F,jl,sl,ρ/λ(ωc, T )
Πj,P,F,jl,sl,ρ/λ(ωc, T )
, (30)
and use it to further evaluate fj,P,F,jl,sl,ρ/λ:
fj,P,F,jl,sl,ρ/λ(ωc, T ) =
√
Πj,P,F,jl,sl,ρ/λ(ωc, T )× e
2Λj,P,F,jl,sl,ρ/λ(ωc,T )/T . (31)
As noted above, the two currents in the same doublet give identical sum rules at the leading order, so we have
Λjl+1/2,P,F,jl,sl,ρ/λ = Λ|jl−1/2|,P,F,jl,sl,ρ/λ. Moreover, the P -wave charmed baryons always have a negative parity.
To slightly simplify our notations, we use another symbol ΛF,jl,sl,ρ/λ to denote them. Similarly, we use the symbol
mF,jl,sl,ρ/λ to denote mjl+1/2,P,F,jl,sl,ρ/λ and m|jl−1/2|,P,F,jl,sl,ρ/λ, and fF,jl,sl,ρ/λ to denote fjl+1/2,P,F,jl,sl,ρ/λ and
f|jl−1/2|,P,F,jl,sl,ρ/λ. This is also “true” for those currents contained in baryon singlets. We note that we work at the
O(1/mQ) order in the next section to differentiate the two currents within the same doublet.
Then we start to perform the numerical analysis, and we have altogether three criteria. The first criterion is to
require that the high-order power corrections be less than 30%:
Convergence (CVG) ≡ |
Πhigh−orderj,P,F,jl,sl,ρ/λ(ωc, T )
Πj,P,F,jl,sl,ρ/λ(ωc, T )
| ≤ 30% , (32)
where Πhigh−orderj,P,F,jl,sl,ρ/λ(ωc, T ) is used to denote the high-order power corrections, for example,
Πhigh−order1/2,−,Ξc,1,1,ρ(ωc, T ) = −
3ms〈q¯q〉
4π2
T 4 +
3ms〈s¯s〉
2π2
T 4 −
〈g2sGG〉
64π4
T 4 +
3m2s〈g
2
sGG〉
256π4
T 2
+
〈gsq¯σGq〉〈s¯s〉
4
+
〈gss¯σGs〉〈q¯q〉
4
−
ms〈s¯s〉〈g
2
sGG〉
128π2
−
〈gsq¯σGq〉〈gss¯σGs〉
8
1
T 2
. (33)
The second criterion is to require that the pole contribution (PC) be larger than 20%:
PC ≡
Πj,P,F,jl,sl,ρ/λ(ωc, T )
Πj,P,F,jl,sl,ρ/λ(∞, T )
≥ 20% . (34)
Then we obtain an interval Tmin < T < Tmax for a fixed ωc. This ωc is a free parameter, which is chosen to be around
3.6 GeV in order to fit the masses of Ξc(2790) (J
P = 1/2−) and Ξc(2815) (J
P = 3/2−) [1]. In this case an interval
0.45 GeV < T < 0.64 GeV is obtained for ωc = 3.6 GeV.
7To see this clearly, we show the variations of CVG and PC, as defined in Eqs. (32) and (34), with respect to the
Borel mass T in Fig. 3, and the variations of ΛΞc,1,1,ρ and fΞc,1,1,ρ also with respect to T in Fig. 4. From these
figures, we find that as the curve of CVG quickly increases to its top point around T = 0.54 GeV, the dependence of
ΛΞc,1,1,ρ and fΞc,1,1,ρ on the Borel mass T is significant; while as this curve slowly decreases from the top point, the
dependence becomes much weaker. Accordingly, our third criterion is to require that this dependence be weak (see
Figs. 6 and 7 for more examples). Finally, we use the new interval 0.54 GeV < T < 0.64 GeV as our working region,
during which the following numerical results are obtained:
ΛΞc,1,1,ρ = 1.35± 0.13 GeV , (35)
fΞc,1,1,ρ = 0.11± 0.04 GeV
4 . (36)
In these equations the central values are obtained by fixing T = 0.59 GeV and ωc = 3.6 GeV.
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FIG. 3: The variations of CVG and PC, as defined in Eqs. (32) and (34), with respect to the Borel mass T , when J1/2,−,Ξc ,1,1,ρ
is used. We obtain the short-dashed, solid, and long-dashed curves by fixing ωc = 3.4, 3.6, and 3.8 GeV, respectively.
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FIG. 4: The variations of ΛΞc,1,1,ρ (left) and fΞc,1,1,ρ (right) with respect to the Borel mass T , when J1/2,−,Ξc,1,1,ρ is used.
We use the working region 0.54 GeV < T < 0.64 GeV, and obtain the short-dashed, solid, and long-dashed curves by fixing
ωc = 3.4, 3.6, and 3.8 GeV, respectively.
IV. THE SUM RULES AT THE O(1/mQ) ORDER
In this section we work up to the O(1/mQ) order. To do this, we use the following Lagrangian of HQET [43, 45]:
Leff = hviv ·Dhv +
1
2mQ
K +
1
2mQ
S . (37)
In this Lagrangian we use K to denote the operator of nonrelativistic kinetic energy,
K = hv(iDt)
2hv , (38)
8and use S to denote the Pauli term describing the chromomagnetic interaction:
S =
g
2
Cmag(mQ/µ)hvσµνG
µνhv , (39)
where the two parameters are Cmag(mQ/µ) = [αs(mQ)/αs(µ)]
3/β0 and β0 = 11− 2nf/3.
We can write the pole term up to the O(1/mQ) order as
Π(ω)pole =
(f + δf)2
2(Λ + δm)− ω
(40)
=
f2
2Λ− ω
−
2δmf2
(2Λ− ω)2
+
2fδf
2Λ− ω
,
where δmF,jl,sl,ρ/λ and δfF,jl,sl,ρ/λ are the corrections to the mass mF,jl,sl,ρ/λ and the coupling constant fF,jl,sl,ρ/λ.
In this paper we shall not consider δf . To calculate δm, we consider the following three-point correlation functions:
δOΠ
α1···αj−1/2,β1···βj−1/2
j,P,F,jl,sl,ρ/λ
(ω, ω′) = i2
∫
d4xd4yeik·x−ik
′·y × 〈0|T [J
α1···αj−1/2
j,P,F,jl,sl,ρ/λ
(x)O(0)J¯
β1···βj−1/2
j,P,F,jl,sl,ρ/λ
(y)]|0〉 (41)
= S[gα1β1t · · · g
αj−1/2βj−1/2
t ]δOΠj,P,F,jl,sl,ρ/λ(ω) ,
where O = K or S, and S[· · ·] is used to denote symmetrization and subtracting the trace terms in the sets
(α1 · · ·αj−1/2) and (β1 · · ·βj−1/2). Based on the Lagrangian (37), we can write Eqs. (41) at the hadron level as
δKΠ(ω, ω
′)j,P,F,jl,sl,ρ/λ =
f2KF,jl,sl,ρ/λ
(2Λ− ω)(2Λ− ω′)
+
f2GK(ω
′)
2Λ− ω
+
f2GK(ω)
2Λ− ω′
, (42)
δSΠ(ω, ω
′)j,P,F,jl,sl,ρ/λ =
dMf
2ΣF,jl,sl,ρ/λ
(2Λ− ω)(2Λ− ω′)
+
dMf
2GS(ω
′)
2Λ− ω
+
dMf
2GS(ω)
2Λ− ω′
, (43)
where KF,jl,sl,ρ/λ, ΣF,jl,sl,ρ/λ and dM are defined to be
KF,jl,sl,ρ/λ ≡ 〈j, P, F, jl , sl, ρ/λ|hv(iD⊥)
2hv|j, P, F, jl, sl, ρ/λ〉 ,
dMΣF,jl,sl,ρ/λ ≡ 〈j, P, F, jl , sl, ρ/λ|
g
2
hvσµνG
µνhv|j, P, F, jl, sl, ρ/λ〉 ,
dM ≡ dj,jl , (44)
djl−1/2,jl = 2jl + 2 ,
djl+1/2,jl = −2jl .
We note that the term S can cause a mass splitting within the same doublet as well as a mixing of states with the
same j, P , F but different jl, sl, ρ/λ. For example, |3/2,−, 3¯F , 1, 1, ρ〉 and |3/2,−, 3¯F , 2, 1, ρ〉 can be mixed due to
this term. However, this effect is found to be negligible in Ref. [72], so we do not consider this effect in this paper.
Then we fix ω = ω′ and use Eqs. (40), (42), and (43) to obtain
δmF,jl,sl,ρ/λ = −
1
4mQ
(KF,jl,sl,ρ/λ + dMCmagΣF,jl,sl,ρ/λ) . (45)
We can also calculate Eqs. (41) at the quark and gluon level using the method of QCD sum rule [43, 45]. Again we
use J1/2,−,Ξc,1,1,ρ as an example. After inserting Eq. (22) into Eqs. (41), and making a double Borel transformation for
both ω and ω′, we obtain sum rules having two Borel parameters T1 and T2; then taking these two Borel parameters
to be equal, we obtain the following two sum rules for KΞc,1,1,ρ and ΣΞc,1,1,ρ:
f2Ξc,1,1,ρKΞc,1,1,ρe
−2ΛΞc,1,1,ρ/T (46)
=
∫ ωc
2ms
[−
1
6720π4
ω9 +
13m2s
1792π4
ω7]e−ω/Tdω +
15ms〈q¯q〉
2π2
T 6 −
33ms〈s¯s〉
2π2
T 6 +
9〈g2sGG〉
64π4
T 6 −
3ms〈gsq¯σGq〉
2π2
T 4
−
21m2s〈g
2
sGG〉
256π4
T 4 −
〈gsq¯σGq〉〈gss¯σGs〉
8
−
3ms〈q¯q〉〈g
2
sGG〉
64π2
T 2 +
ms〈s¯s〉〈g
2
sGG〉
32π2
T 2 +
〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
64
1
T 2
+
〈s¯s〉〈gsq¯σGq〉〈g
2
sGG〉
64
1
T 2
−
〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
128
1
T 4
,
f2Ξc,1,1,ρΣΞc,1,1,ρe
−2ΛΞc,1,1,ρ/T =
3〈g2sGG〉
32π4
T 6 −
5m2s〈g
2
sGG〉
128π4
T 4 +
ms〈s¯s〉〈g
2
sGG〉
48π2
T 2 . (47)
9Sum rules for other currents with different quark contents are shown in Appendix A. To obtain KΞc,1,1,ρ and ΣΞc,1,1,ρ,
we just need to simply divide Eqs. (46) and (47) by the sum rule (28). Their variations are shown in Fig. 5 with respect
to the Borel mass T , and their dependence on T is found to be weak in our working region 0.54 GeV < T < 0.64
GeV, during which we obtain the following numerical results:
KΞc,1,1,ρ = −0.98± 0.41 GeV
2 , (48)
ΣΞc,1,1,ρ = 0.035± 0.015 GeV
2 . (49)
In these equations the central values are obtained by fixing T = 0.59 GeV and ωc = 3.6 GeV. We note that this
dependence is also weak in the interval 0.45 GeV < T < 0.64 GeV demanded by the first two criteria, but the
numerical results obtained in this interval are almost the same as those obtained in the working region 0.54 GeV
< T < 0.64 GeV.
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FIG. 5: The variations of KΞc,1,1,ρ (left) and ΣΞc,1,1,ρ (right) with respect to the Borel mass T , when J1/2,−,Ξc,1,1,ρ is used.
We use the working region 0.54 GeV < T < 0.64 GeV, and obtain the short-dashed, solid and long-dashed curves by fixing
ωc = 3.4, 3.6 and 3.8 GeV, respectively.
V. NUMERICAL RESULTS AND DISCUSSIONS
We can obtain the weighted average mass for the heavy baryon doublet [Ξc, 1, 1, ρ] using those results obtained in
Secs. III-IV:
1
6
(
2mΞc(1/2−) + 4mΞc(3/2−)
)
= mc + (1.35± 0.13) GeV −
1
4mc
[(−0.98± 0.41) GeV2] , (50)
where Ξc(1/2
−
) and Ξc(3/2
−
) are the two baryons contained in this doublet. At the same time we can also obtain
their mass splitting:
mΞc(3/2−) −mΞc(1/2−) =
1
4mc
× 6× [(0.035± 0.015) GeV2] . (51)
Clearly we find that we should not neglect the O(1/mQ) corrections.
Then we use the PDG value mc = 1.275 ± 0.025 GeV [1] for the charm quark mass in the MS scheme to obtain
numerical results. Its pole mass may also be used, but then we need to properly fine-tune the threshold value ωc to
fit the physical mass values. This suggests that there are large theoretical uncertainties in our results for the masses
of the heavy baryons. However, their differences within the same doublet are produced quite well with much less
theoretical uncertainty because they do not depend much on the charm quark mass and the threshold value:
mΞc(1/2−) = 2.79± 0.15 GeV ,
mΞc(3/2−) = 2.83± 0.15 GeV , (52)
mΞc(3/2−) −mΞc(1/2−) = 42± 18 MeV .
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These results are consistent with the masses of Ξc(2790) (J
P = 1/2−) and Ξc(2815) (J
P = 3/2−) as well as their
difference [1]:
mexpΞc(2790)+ = 2789.1± 3.2 MeV ,m
exp
Ξc(2790)0
= 2791.8± 3.3 MeV ,
mexpΞc(2815)+ = 2816.6± 0.9 MeV ,m
exp
Ξc(2815)0
= 2819.6± 1.2 MeV , (53)
mexpΞc(2815) −m
exp
Ξc(2790)
≈ 28 MeV .
Besides these two states, there are five other well-observed states, which may be P -wave charm baryons. They are
Λc(2595) (J
P = 1/2−), Λc(2625) (J
P = 3/2−), Σc(2800) (J
P =??), Ξc(2980) (J
P =??) and Ξc(3080) (J
P =??) [1].
Their masses are
mexpΛc(2595)+ = 2592.25± 0.28 MeV ,m
exp
Λc(2625)+
= 2628.11± 0.19 MeV ,
mexpΛc(2625)+ −m
exp
Λc(2595)+
≈ 36 MeV ,
mexpΣc(2800)++ = 2801
+4
−6 MeV ,m
exp
Σc(2800)+
= 2792+14−5 MeV ,m
exp
Σc(2800)0
= 2806+5−7 MeV ,
mexpΞc(2980)+ = 2971.4± 3.3 MeV ,m
exp
Ξc(2980)0
= 2968.0± 2.6 MeV ,
mexpΞc(3080)+ = 3077.0± 0.4 MeV ,m
exp
Ξc(3080)0
= 3079.9± 1.4 MeV
mexpΞc(3080) −m
exp
Ξc(2980)
≈ 109 MeV .
We use the baryon multiplets [3¯F , 0/1, 0/1, ρ/λ] to fit the states Λc(2595) (J
P = 1/2−), Λc(2625) (J
P = 3/2−),
Ξc(2790) (J
P = 1/2−) and Ξc(2815) (J
P = 3/2−), and use the multiplets [6F , 0/1, 0/1, ρ/λ] to fit the states Σc(2800)
(JP =??), Ξc(2980) (J
P =??) and Ξc(3080) (J
P =??). The procedures are just the same as before. We do not discuss
the details any more, but summarize the good fitting results in Table I and other results in Table II. Considering there
are no excited Ωc observed in experiments, we assume that free parameters ωc in the same multiplet satisfy the relation
ωc(Ωc) − ωc(Ξ
′
c) = ωc(Ξ
′
c) − ωc(Σc), and use ωc(Ωc) to evaluate masses of Ωc baryons. We note that this difference
is 0.5 GeV for the three baryon multiplets [6F , 1, 0, ρ], [6F , 2, 1, λ], and [6F , 0, 1, λ] among four [6F , 0/1, 0/1, ρ/λ]
multiplets.
TABLE I: We use the baryon multiplets [3¯F , 1, 1, ρ] to fit the states Λc(2595) (J
P = 1/2−), Λc(2625) (J
P = 3/2−), Ξc(2790)
(JP = 1/2−) and Ξc(2815) (J
P = 3/2−), and use the multiplets [6F , 1, 0, ρ] and [6F , 2, 1, λ] to fit the states Σc(2800) (J
P =??),
Ξc(2980) (J
P =??) and Ξc(3080) (J
P =??). The procedures are the same as before, and the good fitting results are summarized
here. We assume that free parameters ωc in the same multiplet satisfy the relation ωc(Ωc) − ωc(Ξ
′
c) = ωc(Ξ
′
c) − ωc(Σc), and
use ωc(Ωc) to evaluate the mass of Ωc.
Multiplets B
ωc Working region Λ f K Σ Baryons Mass Difference
(GeV) (GeV) (GeV) (GeV4) (GeV2) (GeV2) (jP ) (GeV) (MeV)
[3¯F , 1, 1, ρ]
Λc 3.1 0.54 < T < 0.59 1.16 ± 0.13 0.07 ± 0.03 −0.99± 0.24 0.042 ± 0.014
Λc(1/2
−) 2.60 ± 0.14
49± 16
Λc(3/2
−) 2.65 ± 0.14
Ξc 3.6 0.54 < T < 0.64 1.35 ± 0.13 0.11 ± 0.04 −0.98± 0.41 0.035 ± 0.015
Ξc(1/2
−) 2.79 ± 0.15
42± 18
Ξc(3/2
−) 2.83 ± 0.15
[6F , 1, 0, ρ]
Σc 3.4 0.53 < T < 0.64 1.22 ± 0.17 0.06 ± 0.03 −1.24± 0.23 0.013 ± 0.006
Σc(1/2
−) 2.73 ± 0.18
15± 7
Λc(3/2
−) 2.75 ± 0.18
Ξ′c 3.9 0.52 < T < 0.70 1.42 ± 0.13 0.10 ± 0.03 −1.40± 0.37 0.010 ± 0.006
Ξ′c(1/2
−) 2.96 ± 0.15
12± 7
Ξ′c(3/2
−) 2.98 ± 0.15
Ωc 4.4 0.51 < T < 0.77 1.64 ± 0.16 0.15 ± 0.05 −1.71± 0.57 0.008 ± 0.005
Ωc(1/2
−) 3.25 ± 0.20
10± 6
Ωc(3/2
−) 3.26 ± 0.19
[6F , 2, 1, λ]
Σc 3.0 0.55 < T < 0.58 1.10 ± 0.13 0.06 ± 0.02 −2.43± 0.28 0.043 ± 0.012
Σc(3/2
−) 2.80 ± 0.15
85± 23
Σc(5/2
−) 2.89 ± 0.15
Ξ′c 3.5 0.53 < T < 0.64 1.25 ± 0.18 0.08 ± 0.04 −2.51± 0.53 0.033 ± 0.015
Ξ′c(3/2
−) 2.98 ± 0.21
64± 30
Ξ′c(5/2
−) 3.05 ± 0.21
Ωc 4.0 0.52 < T < 0.71 1.46 ± 0.13 0.14 ± 0.04 −2.89± 0.47 0.025 ± 0.014
Ωc(3/2
−) 3.27 ± 0.17
50± 27
Ωc(5/2
−) 3.32 ± 0.17
During the numerical analyses, we find that all the curves of CVF, PC, ΛF,jl,sl,ρ/λ, KF,jl,sl,ρ/λ, and ΣF,jl,sl,ρ/λ
behave similarly to those shown in Figs. 3-5, although sometimes the working region does not exist. For such cases,
we choose the Borel Mass T when the PC [defined in Eq. (34)] is around 20%, and show the CVG [defined in Eq. (32)]
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TABLE II: We use the baryon multiplets [3¯F , 1, 0, λ], [3¯F , 0, 1, ρ], and [3¯F , 2, 1, ρ] to fit the states Λc(2595) (J
P = 1/2−),
Λc(2625) (J
P = 3/2−), Ξc(2790) (J
P = 1/2−) and Ξc(2815) (J
P = 3/2−), and use the multiplets [6F , 1, 1, λ] and [6F , 0, 1, λ]
to fit the states Σc(2800) (J
P =??), Ξc(2980) (J
P =??) and Ξc(3080) (J
P =??). The procedures are the same as before. Some
fitting results are not so good and are summarized here. Sometimes the working region does not exist. For such cases, we choose
the Borel Mass T when the PC [defined in Eq. (34)] is around 20%, and show the CVG [defined in Eq. (32)] instead of working
regions. We assume that free parameters ωc in the same multiplet satisfy the relation ωc(Ωc)−ωc(Ξ
′
c) = ωc(Ξ
′
c)− ωc(Σc), and
use ωc(Ωc) to evaluate the mass of Ωc.
Multiplets B
ωc Working region Λ f K Σ Baryons Mass Difference
(GeV) (GeV) (GeV) (GeV4) (GeV2) (GeV2) (jP ) (GeV) (MeV)
[3¯F , 1, 0, λ]
Λc 2.9 −
/
T = 0.60
CVG = 48%
0.96 0.03 −2.27 0.027
Λc(1/2
−) 2.66
32
Λc(3/2
−) 2.69
Ξc 3.1 −
/
T = 0.63
CVG = 47%
1.06 0.04 −2.46 0.025
Ξc(1/2
−) 2.79
29
Ξc(3/2
−) 2.82
[3¯F , 0, 1, ρ]
Λc 3.5 −
/
T = 0.73
CVG = 50%
0.99 0.03 −1.77 0 Λc(1/2
−) 2.61 −
Ξc 3.1 −
/
T = 0.76
CVG = 77%
1.18 0.04 −2.09 0 Ξc(1/2
−) 2.87 −
[3¯F , 2, 1, ρ]
Λc 3.6 −
/
T = 0.59
CVG = 43%
1.34 0.08 −0.23 0.050
Λc(3/2
−) 2.60
98
Λc(5/2
−) 2.70
Ξc 4.0 −
/
T = 0.66
CVG = 34%
1.51 0.13 −0.51 0.040
Ξc(3/2
−) 2.84
79
Ξc(5/2
−) 2.92
[6F , 0, 1, λ]
Σc 2.9 −
/
T = 0.57
CVG = 36%
1.10 0.05 −2.28 0 Σc(1/2
−) 2.82 −
Ξ′c 3.4 0.54 < T < 0.61 1.30 ± 0.11 0.07 ± 0.02 −2.23± 0.42 0 Ξ
′
c(1/2
−) 3.01 ± 0.14 −
Ωc 3.9 0.54 < T < 0.66 1.50 ± 0.09 0.11 ± 0.03 −2.39± 0.65 0 Ωc(1/2
−) 3.25 ± 0.16 −
[6F , 1, 1, λ]
Σc 3.5 0.64 < T < 0.67 1.07 ± 0.11 0.05 ± 0.01 −2.40± 0.28
0.032
±0.008
Σc(1/2
−) 2.79 ± 0.13
38± 9
Σc(3/2
−) 2.82 ± 0.13
Ξ′c 3.5 −
/
T = 0.70
CVG = 40%
1.18 0.06 −2.81 0.032
Ξ′c(1/2
−) 2.98
37
Ξ′c(3/2
−) 3.02
Ωc 3.5 −
/
T = 0.71
CVG = 43%
1.27 0.08 −3.01 0.029
Ωc(1/2
−) 3.11
34
Ωc(3/2
−) 3.15
in Table II instead of working regions. The sum rules in such cases are not good, suggesting the relevant states are not
dominated by the components related to the currents used. Moreover, when CVG is larger than 50%, the high-order
power corrections are already larger than the perturbation term. The sum rules in such cases are bad, suggesting the
relevant states should not significantly contain the components related to the currents used. In these cases we do not
evaluate the error bars for simplicity.
Our conclusions are the following:
1. The baryon doublet [3¯F , 1, 1, ρ] contains Λc(1/2
−, 3/2−) and Ξc(1/2
−, 3/2−); see Table I. We use them to
perform QCD sum rule analyses, and the obtained masses as well as their splittings are well consistent with
the observed states Λc(2595) (J
P = 1/2−), Λc(2625) (J
P = 3/2−), Ξc(2790) (J
P = 1/2−), and Ξc(2815)
(JP = 3/2−) [1]. Our results suggest that these states contain [3¯F , 1, 1, ρ] components. Indeed, these states can
be well described by the heavy doublet [3¯F , 1, 1, ρ], and they complete two SU(3) 3¯F multiplets of J
P = 1/2−
and 3/2−.
2. The baryon doublet [6F , 1, 0, ρ] contains Σc(1/2
−, 3/2−), Ξ′c(1/2
−, 3/2−), and Ωc(1/2
−, 3/2−); see Table I. We
use them to perform QCD sum rule analyses, and the obtained results are consistent with the observed states
Σc(2800) (J
P =??) and Ξc(2980) (J
P =??) [1]. As an example, we show the variations of ΛΞ′c,1,0,ρ, fΞ′c,1,0,ρ,
KΞ′c,1,0,ρ and ΣΞ′c,1,0,ρ with respect to the Borel mass T in Fig. 6, when J1/2,−,Ξ′c,1,0,ρ is used. Our results suggest
that these states contain [6F , 1, 0, ρ] components. Our results also suggest that there are two Σc(2800) states of
JP = 1/2− and 3/2−, whose mass splitting is 14± 7 MeV; there are two Ξc(2980) states, whose mass splitting
is 12± 7 MeV; there are also two Ωc states of J
P = 1/2− and 3/2−, whose masses are around 3.25± 0.20 GeV
with mass splitting 10± 6 MeV.
3. The baryon doublet [6F , 2, 1, λ] contains Σc(3/2
−, 5/2−), Ξ′c(3/2
−, 5/2−), and Ωc(3/2
−, 5/2−); see Table I. We
use them to perform QCD sum rule analyses, and the obtained results are consistent with the observed states
Σc(2800) (J
P =??), Ξc(2980) (J
P =??), and Ξc(3080) (J
P =??) [1]. As an example, we show the variations
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FIG. 6: The variations of ΛΞ′c,1,0,ρ, fΞ′c,1,0,ρ, KΞ′c,1,0,ρ, and ΣΞ′c,1,0,ρ with respect to the Borel mass T , when J1/2,−,Ξ′c,1,0,ρ is
used. We use the working region 0.52 GeV < T < 0.70 GeV, and obtain the short-dashed, solid, and long-dashed curves by
fixing ωc = 3.7, 3.9, and 4.1 GeV, respectively.
of ΛΞ′c,2,1,λ, fΞ′c,2,1,λ, KΞ′c,2,1,λ, and ΣΞ′c,2,1,λ with respect to the Borel mass T in Fig. 7, when J3/2,−,Ξ′c,2,1,λ is
used. Particularly, we obtain a mass splitting 64 ± 30 MeV between two Ξ′c states, which is not far from the
mass difference 109 MeV between Ξc(2980) and Ξc(3080), suggesting that Ξc(3080) may be the 5/2
− partner
of Ξc(2980). If this is the case, Σc(2800) and Ωc(3/2
−) may also have 5/2− partners, whose masses are 85± 23
MeV and 50±27 MeV larger. However, we do not draw firm conclusions here because there are many excited Ξc
states theoretically, and Ξc(3080) may belong to other baryon multiplets and have different quantum numbers
other than 5/2−.
4. Other not so good results are listed in Table II for completeness, where not all the working regions exist. We
do not use them to draw any conclusion, but just note that the present sum rule analysis finds a better working
window by the ρ mode, while the λ mode also provides reasonable results consistent with the experiments: a)
the mass splittings obtained by using the baryon doublet [3¯F , 1, 0, λ] are very well consistent with the observed
states Λc(2595), Λc(2625), Ξc(2790), and Ξc(2815) [1], suggesting that these states may contain [3¯F , 1, 0, λ]
components; b) the sum rule to calculate the Ωc(1/2
−) mass using the baryon doublet [6F , 0, 1, λ] does have a
working region, and the obtained result is around 3.25± 0.16 GeV, supporting the above analyses.
Summarizing all these results, we have studied the P -wave charmed baryons using the method of QCD sum rule
in the framework of HQET. We have calculated their masses up to the O(1/mQ) order, the results of which have
large theoretical uncertainties. We have also calculated their mass splittings within the same doublet, the results of
which are reproduced quite well with much less theoretical uncertainty. Our results suggest that the four observed
states Λc(2595) (J
P = 1/2−), Λc(2625) (J
P = 3/2−), Ξc(2790) (J
P = 1/2−) and Ξc(2815) (J
P = 3/2−) can be well
described by the heavy doublet [3¯F , 1, 1, ρ] and they complete two SU(3) 3¯F multiplets of J
P = 1/2− and 3/2−.
The SU(3) 6F multiplets are more complicated. Our results suggest that Σc(2800) (J
P =??) and Ξc(2980) (J
P =??)
belong to these multiplets, but there are two Σc(2800) states of J
P = 1/2− and 3/2− whose mass splitting is 14± 7
MeV, and two Ξc(2980) states whose mass splitting is 12 ± 7 MeV. They have two Ωc partners of J
P = 1/2− and
3/2−, whose masses are around 3.25± 0.20 GeV with mass splitting 10± 6 MeV. All of them together complete two
SU(3) 6F multiplets of J
P = 1/2− and 3/2−. They may have three JP = 5/2− partners. Ξc(3080) (J
P =??) may be
one of them, and the other two are Σc(5/2
−) and Ωc(5/2
−), whose masses are 85± 23 and 50± 27 MeV larger.
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FIG. 7: The variations of ΛΞ′c,2,1,λ, fΞ′c,2,1,λ, KΞ′c,2,1,λ, and ΣΞ′c,2,1,λ with respect to the Borel mass T , when J3/2,−,Ξ′c,2,1,λ is
used. We work in the region 0.53 GeV < T < 0.64 GeV, and obtain the short-dashed, solid, and long-dashed curves by fixing
ωc = 3.3, 3.5, and 3.7 GeV, respectively.
To end our paper, we note that in a nonrelativistic model of attractive potential of the form (distance)n, the
excitation energies of the λ mode should appear lower than the corresponding one of the ρ mode for a positive power
n, while this order interchanges for a negative n (n must satisfy n ≥ −1 for stable solutions to exist). Thus, our
present analysis implies that further investigations would be needed to clarify the nature of heavy baryon excitations,
while the conventional quark model results seem reasonable with lower λ modes [18]. Another related subject is the
P -wave bottom baryons, which can be similarly studied, and we are now doing these analyses. Particularly, the mass
difference between Σb(1/2
−
) and Σb(3/2
−
) for the baryon doublet [3¯F , 1, 1, ρ] can be roughly estimated, and the result
is around (see Table I)
mΣb(3/2−) −mΣb(1/2−) ≈ Cmag ×
1
4mb
× 6× [0.042 GeV2] ≈ 12 MeV , (54)
where we have used Cmag ≈ 0.8 [43, 45] and mb = 4.18 GeV [1]. It is consistent with the mass difference of Σb(5912)
(JP = 1/2−) and Σb(5920) (J
P = 3/2−) [1].
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Appendix A: Other Sum Rules
In this appendix we show the sum rules for other currents with different quark contents:
Π1/2,−,Σc,1,0,ρ = f
2
Σc,1,0,ρe
−2ΛΣc,1,0,ρ/T (A1)
=
∫ ωc
0
[
1
3584π4
ω7]e−ω/Tdω −
3〈g2sGG〉
512π4
T 4 +
〈gsq¯σGq〉〈q¯q〉
4
−
〈gsq¯σGq〉
2
16
1
T 2
,
f2Σc,1,0,ρKΣc,1,0,ρe
−2ΛΣc,1,0,ρ/T
=
∫ ωc
0
[−
1
17920π4
ω9]e−ω/Tdω +
5〈g2sGG〉
256π4
T 6 −
〈gsq¯σGq〉
2
16
+
〈gsq¯σGq〉〈q¯q〉〈g
2
sGG〉
64
1
T 2
−
〈gsq¯σGq〉
2〈g2sGG〉
256
1
T 4
,
f2Σc,1,0,ρΣΣc,1,0,ρe
−2ΛΣc,1,0,ρ/T =
〈g2sGG〉
64π4
T 6 .
Π1/2,−,Ξ′c,1,0,ρ(ωc, T ) = f
2
Ξ′c,1,0,ρ
e−2ΛΞ′c,1,0,ρ/T (A2)
=
∫ ωc
2ms
[
1
3584π4
ω7 −
3m2s
320π4
ω5]e−ω/Tdω −
3ms〈q¯q〉
8π2
T 4 +
9ms〈s¯s〉
16π2
T 4 −
3〈g2sGG〉
512π4
T 4
+
3m2s〈g
2
sGG〉
256π4
T 2 +
〈gsq¯σGq〉〈s¯s〉
8
+
〈gss¯σGs〉〈q¯q〉
8
−
ms〈s¯s〉〈g
2
sGG〉
128π2
−
〈gsq¯σGq〉〈gss¯σGs〉
16
1
T 2
,
f2Ξ′c,1,0,ρKΞ′c,1,0,ρe
−2ΛΞ′c,1,0,ρ
/T
=
∫ ωc
2ms
[−
1
17920π4
ω9 +
47m2s
17920π4
ω7]e−ω/Tdω +
15ms〈q¯q〉
4π2
T 6 −
6ms〈s¯s〉
π2
T 6 +
5〈g2sGG〉
256π4
T 6
−
3ms〈gsq¯σGq〉
4π2
T 4 −
3m2s〈g
2
sGG〉
64π4
T 4 −
〈gsq¯σGq〉〈gss¯σGs〉
16
−
3ms〈q¯q〉〈g
2
sGG〉
128π2
T 2 +
ms〈s¯s〉〈g
2
sGG〉
128π2
T 2
+
〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
128
1
T 2
+
〈gsq¯σGq〉〈s¯s〉〈g
2
sGG〉
128
1
T 2
−
〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
256
1
T 4
,
f2Ξ′c,1,0,ρΣΞ′c,1,0,ρe
−2ΛΞ′c,1,0,ρ
/T =
〈g2sGG〉
64π4
T 6 −
m2s〈g
2
sGG〉
128π4
T 4 +
ms〈s¯s〉〈g
2
sGG〉
192π2
T 2 .
Π1/2,−,Ωc,1,0,ρ = f
2
Ωc,1,0,ρe
−2ΛΩc,1,0,ρ/T (A3)
=
∫ ωc
4ms
[
1
3584π4
ω7 −
9m2s
640π4
ω5 +
9m4s
64π4
ω3]e−ω/Tdω +
3ms〈s¯s〉
8π2
T 4 −
3〈g2sGG〉
512π4
T 4 −
3m3s〈s¯s〉
4π2
T 2 +
3m2s〈g
2
sGG〉
128π2
T 2
+
m2s〈s¯s〉
2
8
+
〈gss¯σGs〉〈s¯s〉
4
−
ms〈s¯s〉〈g
2
sGG〉
64π2
−
〈gss¯σGs〉
2
16
1
T 2
,
f2Ωc,1,0,ρKΩc,1,0,ρe
−2ΛΩc,1,0,ρ/T
=
∫ ωc
4ms
[−
1
17920π4
ω9 +
9m2s
2240π4
ω7]e−ω/Tdω −
9ms〈s¯s〉
2π2
T 6 +
5〈g2sGG〉
256π4
T 6 −
3ms〈gss¯σGs〉
2π2
T 4 −
15m2s〈g
2
sGG〉
256π4
T 4
−
〈gss¯σGs〉
2
16
−
ms〈s¯s〉〈g
2
sGG〉
32π2
T 2 +
〈s¯s〉〈gss¯σGs〉〈g
2
sGG〉
64
1
T 2
−
m2s〈s¯s〉
2〈g2sGG〉
128
1
T 2
−
〈gss¯σGs〉
2〈g2sGG〉
256
1
T 4
,
f2Ωc,1,0,ρΣΩc,1,0,ρe
−2ΛΩc,1,0,ρ/T =
〈g2sGG〉
64π4
T 6 −
m2s〈g
2
sGG〉
64π4
T 4 +
ms〈s¯s〉〈g
2
sGG〉
96π2
T 2 .
Π1/2,−,Λc,0,1,ρ = f
2
Λc,0,1,ρe
−2ΛΛc,0,1,ρ/T (A4)
=
∫ ωc
0
[
1
17920π4
ω7]e−ω/Tdω +
〈g2sGG〉
512π4
T 4 +
〈gsq¯σGq〉〈q¯q〉
4
−
〈gsq¯σGq〉
2
16
1
T 2
,
15
f2Λc,0,1,ρKΛc,0,1,ρe
−2ΛΛc,0,1,ρ/T
=
∫ ωc
0
[−
1
80640π4
ω9]e−ω/Tdω −
13〈g2sGG〉
256π4
T 6 −
〈gsq¯σGq〉
2
16
+
〈q¯q〉〈gsq¯σGq〉〈g
2
sGG〉
64
1
T 2
−
〈gsq¯σGq〉
2〈g2sGG〉
256
1
T 4
,
f2Λc,0,1,ρΣΛc,0,1,ρe
−2ΛΛc,0,1,ρ/T = 0 .
Π1/2,−,Ξc,0,1,ρ = f
2
Ξc,0,1,ρe
−2ΛΞc,0,1,ρ/T (A5)
=
∫ ωc
2ms
[
1
17920π4
ω7]e−ω/Tdω −
3ms〈q¯q〉
8π2
T 4 −
3ms〈s¯s〉
16π2
T 4 +
〈g2sGG〉
512π4
T 4 +
〈gsq¯σGq〉〈s¯s〉
8
+
〈gss¯σGs〉〈q¯q〉
8
−
〈gsq¯σGq〉〈gss¯σGs〉
16
1
T 2
,
f2Ξc,0,1,ρKΞc,0,1,ρe
−2ΛΞc,0,1,ρ/T
=
∫ ωc
2ms
[−
1
80640π4
ω9 +
m2s
3584π4
ω7]e−ω/Tdω +
15ms〈q¯q〉
4π2
T 6 −
3ms〈s¯s〉
4π2
T 6 −
13〈g2sGG〉
256π4
T 6
−
3ms〈gsq¯σGq〉
4π2
T 4 −
3m2s〈g
2
sGG〉
256π4
T 4 −
〈gsq¯σGq〉〈gss¯σGs〉
16
−
3ms〈q¯q〉〈g
2
sGG〉
128π2
T 2 +
ms〈s¯s〉〈g
2
sGG〉
128π2
T 2
+
〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
128
1
T 2
+
〈s¯s〉〈gsq¯σGq〉〈g
2
sGG〉
128
1
T 2
−
〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
256
1
T 4
,
f2Ξc,0,1,ρΣΞc,0,1,ρe
−2ΛΞc,0,1,ρ/T = 0 .
Π1/2,−,Λc,1,1,ρ = f
2
Λc,1,1,ρe
−2ΛΛc,1,1,ρ/T (A6)
=
∫ ωc
0
[
3
4480π4
ω7]e−ω/Tdω −
〈g2sGG〉
64π4
T 4 +
〈gsq¯σGq〉〈q¯q〉
2
−
〈gsq¯σGq〉
2
8
1
T 2
,
f2Λc,1,1,ρKΛc,1,1,ρe
−2ΛΛc,1,1,ρ/T
=
∫ ωc
0
[−
1
6720π4
ω9]e−ω/Tdω +
9〈g2sGG〉
64π4
T 6 −
〈gsq¯σGq〉
2
8
+
〈q¯q〉〈gsq¯σGq〉〈g
2
sGG〉
32
1
T 2
−
〈gsq¯σGq〉
2〈g2sGG〉
128
1
T 4
,
f2Λc,1,1,ρΣΛc,1,1,ρe
−2ΛΛc,1,1,ρ/T =
3〈g2sGG〉
32π4
T 6 .
Π3/2,−,Λc,2,1,ρ = f
2
Λc,2,1,ρe
−2ΛΛc,2,1,ρ/T (A7)
=
∫ ωc
0
[
1
2016π4
ω7]e−ω/Tdω −
65〈g2sGG〉
576π4
T 4 +
5〈gsq¯σGq〉〈q¯q〉
9
−
5〈gsq¯σGq〉
2
36
1
T 2
,
f2Λc,2,1,ρKΛc,2,1,ρe
−2ΛΛc,2,1,ρ/T
=
∫ ωc
0
[−
41
362880π4
ω9]e−ω/Tdω +
1069〈g2sGG〉
1152π4
T 6 −
〈gsq¯σGq〉
2
9
+
5〈q¯q〉〈gsq¯σGq〉〈g
2
sGG〉
144
1
T 2
−
5〈gsq¯σGq〉
2〈g2sGG〉
576
1
T 4
,
f2Λc,2,1,ρΣΛc,2,1,ρe
−2ΛΛc,2,1,ρ/T =
5〈g2sGG〉
48π4
T 6 .
Π3/2,−,Ξc,2,1,ρ = f
2
Ξc,2,1,ρe
−2ΛΞc,2,1,ρ/T (A8)
16
=
∫ ωc
2ms
[
1
2016π4
ω7 −
m2s
64π4
ω5]e−ω/Tdω −
5ms〈q¯q〉
6π2
T 4 +
5ms〈s¯s〉
6π2
T 4 −
65〈g2sGG〉
576π4
T 4 +
5m2s〈g
2
sGG〉
128π4
T 2
+
5〈gsq¯σGq〉〈s¯s〉
18
+
5〈gss¯σGs〉〈q¯q〉
18
−
5ms〈s¯s〉〈g
2
sGG〉
192π2
−
5〈gsq¯σGq〉〈gss¯σGs〉
36
1
T 2
,
f2Ξc,2,1,ρKΞc,2,1,ρe
−2ΛΞc,2,1,ρ/T
=
∫ ωc
2ms
[−
41
362880π4
ω9 +
53m2s
10080π4
ω7]e−ω/Tdω +
26ms〈q¯q〉
3π2
T 6 −
37ms〈s¯s〉
3π2
T 6 +
1069〈g2sGG〉
1152π4
T 6
−
11ms〈gsq¯σGq〉
6π2
T 4 −
89m2s〈g
2
sGG〉
384π4
T 4 −
〈gsq¯σGq〉〈gss¯σGs〉
9
−
5ms〈q¯q〉〈g
2
sGG〉
96π2
T 2 +
11ms〈s¯s〉〈g
2
sGG〉
144π2
T 2
+
5〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
288
1
T 2
+
5〈s¯s〉〈gsq¯σGq〉〈g
2
sGG〉
288
1
T 2
−
5〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
576
1
T 4
,
f2Ξc,2,1,ρΣΞc,2,1,ρe
−2ΛΞc,2,1,ρ/T =
5〈g2sGG〉
48π4
T 6 −
5m2s〈g
2
sGG〉
128π4
T 4 +
5ms〈s¯s〉〈g
2
sGG〉
288π2
T 2 .
Π1/2,−,Λc,1,0,λ = f
2
Λc,1,0,λe
−2ΛΛc,1,0,λ/T (A9)
=
∫ ωc
0
[
3
17920π4
ω7]e−ω/Tdω −
〈g2sGG〉
512π4
T 4 +
〈gsq¯σGq〉〈q¯q〉
4
−
〈gsq¯σGq〉
2
16
1
T 2
,
f2Λc,1,0,λKΛc,1,0,λe
−2ΛΛc,1,0,λ/T
=
∫ ωc
0
[−
1
20160π4
ω9]e−ω/Tdω −
〈g2sGG〉
32π4
T 6 −
5〈gsq¯σGq〉
2
16
+
〈gsq¯σGq〉〈q¯q〉〈g
2
sGG〉
192
1
T 2
−
〈gsq¯σGq〉
2〈g2sGG〉
768
1
T 4
,
f2Λc,1,0,λΣΛc,1,0,λe
−2ΛΛc,1,0,λ/T =
〈g2sGG〉
64π4
T 6 .
Π1/2,−,Ξc,1,0,λ(ωc, T ) = f
2
Ξc,1,0,λe
−2ΛΞc,1,0,λ/T (A10)
=
∫ ωc
2ms
[
3
17920π4
ω7 −
3m2s
640π4
ω5]e−ω/Tdω −
3ms〈q¯q〉
8π2
T 4 +
3ms〈s¯s〉
16π2
T 4 −
〈g2sGG〉
512π4
T 4
+
m2s〈g
2
sGG〉
256π4
T 2 +
〈gsq¯σGq〉〈s¯s〉
8
+
〈gss¯σGs〉〈q¯q〉
8
−
ms〈s¯s〉〈g
2
sGG〉
384π2
−
〈gsq¯σGq〉〈gss¯σGs〉
16
1
T 2
,
f2Ξc,1,0,λKΞc,1,0,λe
−2ΛΞc,1,0,λ/T
=
∫ ωc
2ms
[−
1
20160π4
ω9 +
33m2s
17920π4
ω7]e−ω/Tdω +
15ms〈q¯q〉
4π2
T 6 −
9ms〈s¯s〉
4π2
T 6 −
〈g2sGG〉
32π4
T 6
−
m2s〈g
2
sGG〉
64π4
T 4 −
5〈gsq¯σGq〉〈gss¯σGs〉
16
−
ms〈q¯q〉〈g
2
sGG〉
128π2
T 2 +
ms〈s¯s〉〈g
2
sGG〉
384π2
T 2
+
〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
384
1
T 2
+
〈gsq¯σGq〉〈s¯s〉〈g
2
sGG〉
384
1
T 2
−
〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
768
1
T 4
,
f2Ξc,1,0,λΣΞc,1,0,λe
−2ΛΞc,1,0,λ/T =
〈g2sGG〉
64π4
T 6 −
m2s〈g
2
sGG〉
128π4
T 4 +
ms〈s¯s〉〈g
2
sGG〉
192π2
T 2 .
Π1/2,−,Σc,0,1,λ = f
2
Σc,0,1,λe
−2ΛΣc,0,1,λ/T (A11)
=
∫ ωc
0
[
1
2560π4
ω7]e−ω/Tdω +
3〈g2sGG〉
512π4
T 4 +
〈gsq¯σGq〉〈q¯q〉
4
−
〈gsq¯σGq〉
2
16
1
T 2
,
f2Σc,0,1,λKΣc,0,1,λe
−2ΛΣc,0,1,λ/T
=
∫ ωc
0
[−
1
7680π4
ω9]e−ω/Tdω −
11〈g2sGG〉
128π4
T 6 −
5〈gsq¯σGq〉
2
16
+
〈q¯q〉〈gsq¯σGq〉〈g
2
sGG〉
192
1
T 2
17
−
〈gsq¯σGq〉
2〈g2sGG〉
768
1
T 4
,
f2Σc,0,1,λΣΣc,0,1,λe
−2ΛΣc,0,1,λ/T = 0 .
Π1/2,−,Ξ′c,0,1,λ = f
2
Ξ′c,0,1,λ
e−2ΛΞ′c,0,1,λ/T (A12)
=
∫ ωc
2ms
[
1
2560π4
ω7 −
9m2s
640π4
ω5]e−ω/Tdω −
3ms〈q¯q〉
8π2
T 4 +
15ms〈s¯s〉
16π2
T 4
+
3〈g2sGG〉
512π4
T 4 +
〈gsq¯σGq〉〈s¯s〉
8
+
〈gss¯σGs〉〈q¯q〉
8
−
〈gsq¯σGq〉〈gss¯σGs〉
16
1
T 2
,
f2Ξ′c,0,1,λKΞ′c,0,1,λe
−2ΛΞ′c,0,1,λ
/T
=
∫ ωc
2ms
[−
1
7680π4
ω9 +
111m2s
17920π4
ω7]e−ω/Tdω +
15ms〈q¯q〉
4π2
T 6 −
12ms〈s¯s〉
π2
T 6 −
11〈g2sGG〉
128π4
T 6
−
m2s〈g
2
sGG〉
256π4
T 4 −
5〈gsq¯σGq〉〈gss¯σGs〉
16
−
ms〈q¯q〉〈g
2
sGG〉
128π2
T 2 +
ms〈s¯s〉〈g
2
sGG〉
384π2
T 2
+
〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
384
1
T 2
+
〈s¯s〉〈gsq¯σGq〉〈g
2
sGG〉
384
1
T 2
−
〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
768
1
T 4
,
f2Ξ′c,0,1,λΣΞ′c,0,1,λe
−2ΛΞ′c,0,1,λ
/T = 0 .
Π1/2,−,Ωc,0,1,λ = f
2
Ωc,0,1,λe
−2ΛΩc,0,1,λ/T (A13)
=
∫ ωc
4ms
[
1
2560π4
ω7 −
3m2s
128π4
ω5 +
15m4s
64π4
ω3]e−ω/Tdω +
9ms〈s¯s〉
8π2
T 4 +
3〈g2sGG〉
512π4
T 4
−
3m3s〈s¯s〉
2π2
T 2 +
〈gss¯σGs〉〈s¯s〉
4
+
3m2s〈s¯s〉
2
8
−
〈gss¯σGs〉
2
16
1
T 2
,
f2Ωc,0,1,λKΩc,0,1,λe
−2ΛΩc,0,1,λ/T
=
∫ ωc
4ms
[−
1
7680π4
ω9 +
3m2s
280π4
ω7]e−ω/Tdω −
33ms〈s¯s〉
2π2
T 6 −
11〈g2sGG〉
128π4
T 6 +
m2s〈g
2
sGG〉
256π4
T 4 −
5〈gss¯σGs〉
2
16
−
ms〈s¯s〉〈g
2
sGG〉
96π2
T 2 +
〈s¯s〉〈gss¯σGs〉〈g
2
sGG〉
192
1
T 2
−
m2s〈s¯s〉
2〈g2sGG〉
1152
1
T 2
−
〈gss¯σGs〉
2〈g2sGG〉
768
1
T 4
,
f2Ωc,0,1,λΣΩc,0,1,λe
−2ΛΩc,0,1,λ/T = 0 .
Π1/2,−,Σc,1,1,λ = f
2
Σc,1,1,λe
−2ΛΣc,1,1,λ/T (A14)
=
∫ ωc
0
[
1
4480π4
ω7]e−ω/Tdω −
〈g2sGG〉
64π4
T 4 +
〈gsq¯σGq〉〈q¯q〉
2
−
〈gsq¯σGq〉
2
8
1
T 2
,
f2Σc,1,1,λKΣc,1,1,λe
−2ΛΣc,1,1,λ/T
=
∫ ωc
0
[−
1
13440π4
ω9]e−ω/Tdω +
3〈g2sGG〉
32π4
T 6 −
5〈gsq¯σGq〉
2
8
+
〈q¯q〉〈gsq¯σGq〉〈g
2
sGG〉
96
1
T 2
−
〈gsq¯σGq〉
2〈g2sGG〉
384
1
T 4
,
f2Σc,1,1,λΣΣc,1,1,λe
−2ΛΣc,1,1,λ/T =
〈g2sGG〉
32π4
T 6 .
Π1/2,−,Ξ′c,1,1,λ = f
2
Ξ′c,1,1,λ
e−2ΛΞ′c,1,1,λ/T (A15)
=
∫ ωc
2ms
[
1
4480π4
ω7 −
3m2s
640π4
ω5]e−ω/Tdω −
3ms〈q¯q〉
4π2
T 4 −
〈g2sGG〉
64π4
T 4 +
m2s〈g
2
sGG〉
256π4
T 2
18
+
〈gsq¯σGq〉〈s¯s〉
4
+
〈gss¯σGs〉〈q¯q〉
4
−
ms〈s¯s〉〈g
2
sGG〉
384π2
−
〈gsq¯σGq〉〈gss¯σGs〉
8
1
T 2
,
f2Ξ′c,1,1,λKΞ
′
c,1,1,λ
e−2ΛΞ′c,1,1,λ/T
=
∫ ωc
2ms
[−
1
13440π4
ω9 +
3m2s
1280π4
ω7]e−ω/Tdω +
15ms〈q¯q〉
2π2
T 6 −
3ms〈s¯s〉
2π2
T 6 +
3〈g2sGG〉
32π4
T 6 −
7m2s〈g
2
sGG〉
256π4
T 4
−
5〈gsq¯σGq〉〈gss¯σGs〉
8
−
ms〈q¯q〉〈g
2
sGG〉
64π2
T 2 +
ms〈s¯s〉〈g
2
sGG〉
96π2
T 2 +
〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
192
1
T 2
+
〈s¯s〉〈gsq¯σGq〉〈g
2
sGG〉
192
1
T 2
−
〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
384
1
T 4
,
f2Ξ′c,1,1,λΣΞ′c,1,1,λe
−2ΛΞ′c,1,1,λ
/T =
〈g2sGG〉
32π4
T 6 −
m2s〈g
2
sGG〉
128π4
T 4 .
Π1/2,−,Ωc,1,1,λ = f
2
Ωc,1,1,λe
−2ΛΩc,1,1,λ/T (A16)
=
∫ ωc
4ms
[
1
4480π4
ω7]e−ω/Tdω −
3ms〈s¯s〉
2π2
T 4 −
〈g2sGG〉
64π4
T 4 +
3m3s〈s¯s〉
4π2
T 2 +
m2s〈g
2
sGG〉
128π4
T 2
+
〈gss¯σGs〉〈s¯s〉
2
−
m2s〈s¯s〉
2
2
−
ms〈s¯s〉〈g
2
sGG〉
192π2
−
〈gss¯σGs〉
2
8
1
T 2
,
f2Ωc,1,1,λKΩc,1,1,λe
−2ΛΩc,1,1,λ/T
=
∫ ωc
4ms
[−
1
13440π4
ω9 +
3m2s
2240π4
ω7]e−ω/Tdω +
12ms〈s¯s〉
π2
T 6 +
3〈g2sGG〉
32π4
T 6 −
m2s〈g
2
sGG〉
32π4
T 4 −
5〈gss¯σGs〉
2
8
−
ms〈s¯s〉〈g
2
sGG〉
96π2
T 2 +
〈s¯s〉〈gss¯σGs〉〈g
2
sGG〉
96
1
T 2
−
m2s〈s¯s〉
2〈g2sGG〉
576
1
T 2
−
〈gss¯σGs〉
2〈g2sGG〉
384
1
T 4
,
f2Ωc,1,1,λΣΩc,1,1,λe
−2ΛΩc,1,1,λ/T =
〈g2sGG〉
32π4
T 6 −
m2s〈g
2
sGG〉
64π4
T 4 .
Π3/2,−,Σc,2,1,λ = f
2
Σc,2,1,λe
−2ΛΣc,2,1,λ/T (A17)
=
∫ ωc
0
[
1
2016π4
ω7]e−ω/Tdω −
5〈g2sGG〉
192π4
T 4 +
5〈gsq¯σGq〉〈q¯q〉
9
−
5〈gsq¯σGq〉
2
36
1
T 2
,
f2Σc,2,1,λKΣc,2,1,λe
−2ΛΣc,2,1,λ/T
=
∫ ωc
0
[−
1
5760π4
ω9]e−ω/Tdω +
205〈g2sGG〉
1152π4
T 6 −
13〈gsq¯σGq〉
2
18
+
5〈q¯q〉〈gsq¯σGq〉〈g
2
sGG〉
432
1
T 2
−
5〈gsq¯σGq〉
2〈g2sGG〉
1728
1
T 4
,
f2Σc,2,1,λΣΣc,2,1,λe
−2ΛΣc,2,1,λ/T =
5〈g2sGG〉
48π4
T 6 .
Π3/2,−,Ξ′c,2,1,λ = f
2
Ξ′c,2,1,λ
e−2ΛΞ′c,2,1,λ/T (A18)
=
∫ ωc
2ms
[
1
2016π4
ω7 −
m2s
64π4
ω5]e−ω/Tdω −
5ms〈q¯q〉
6π2
T 4 +
5ms〈s¯s〉
6π2
T 4 −
5〈g2sGG〉
192π4
T 4 +
5m2s〈g
2
sGG〉
384π4
T 2
+
5〈gsq¯σGq〉〈s¯s〉
18
+
5〈gss¯σGs〉〈q¯q〉
18
−
5ms〈s¯s〉〈g
2
sGG〉
576π2
−
5〈gsq¯σGq〉〈gss¯σGs〉
36
1
T 2
,
f2Ξ′c,2,1,λKΞ′c,2,1,λe
−2ΛΞ′c,2,1,λ
/T
=
∫ ωc
2ms
[−
1
5760π4
ω9 +
5m2s
672π4
ω7]e−ω/Tdω +
26ms〈q¯q〉
3π2
T 6 −
37ms〈s¯s〉
3π2
T 6 +
205〈g2sGG〉
1152π4
T 6 −
89m2s〈g
2
sGG〉
1152π4
T 4
−
13〈gsq¯σGq〉〈gss¯σGs〉
18
−
5ms〈q¯q〉〈g
2
sGG〉
288π2
T 2 +
11ms〈s¯s〉〈g
2
sGG〉
432π2
T 2 +
5〈q¯q〉〈gss¯σGs〉〈g
2
sGG〉
864
1
T 2
19
+
5〈s¯s〉〈gsq¯σGq〉〈g
2
sGG〉
864
1
T 2
−
5〈gsq¯σGq〉〈gss¯σGs〉〈g
2
sGG〉
1728
1
T 4
,
f2Ξ′c,2,1,λΣΞ
′
c,2,1,λe
−2ΛΞ′c,2,1,λ
/T =
5〈g2sGG〉
48π4
T 6 −
5m2s〈g
2
sGG〉
128π4
T 4 +
5ms〈s¯s〉〈g
2
sGG〉
288π2
T 2 .
Π3/2,−,Ωc,2,1,λ = f
2
Ωc,2,1,λe
−2ΛΩc,2,1,λ/T (A19)
=
∫ ωc
4ms
[
1
2016π4
ω7 −
m2s
48π4
ω5 +
5m4s
24π4
ω3]e−ω/Tdω −
5〈g2sGG〉
192π4
T 4 −
5m3s〈s¯s〉
6π2
T 2 +
5m2s〈g
2
sGG〉
192π4
T 2
+
5〈gss¯σGs〉〈s¯s〉
9
−
5ms〈s¯s〉〈g
2
sGG〉
288π2
−
5〈gss¯σGs〉
2
36
1
T 2
,
f2Ωc,2,1,λKΩc,2,1,λe
−2ΛΩc,2,1,λ/T
=
∫ ωc
4ms
[−
1
5760π4
ω9 +
37m2s
3360π4
ω7]e−ω/Tdω −
22ms〈s¯s〉
3π2
T 6 +
205〈g2sGG〉
1152π4
T 6 −
37m2s〈g
2
sGG〉
288π4
T 4 −
13〈gss¯σGs〉
2
18
+
7ms〈s¯s〉〈g
2
sGG〉
432π2
T 2 +
5〈s¯s〉〈gss¯σGs〉〈g
2
sGG〉
432
1
T 2
−
m2s〈s¯s〉
2〈g2sGG〉
648
1
T 2
−
5〈gss¯σGs〉
2〈g2sGG〉
1728
1
T 4
,
f2Ωc,2,1,λΣΩc,2,1,λe
−2ΛΩc,2,1,λ/T =
5〈g2sGG〉
48π4
T 6 −
5m2s〈g
2
sGG〉
64π4
T 4 +
5ms〈s¯s〉〈g
2
sGG〉
144π2
T 2 .
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